ABSTRACT
I. INTRODUCTION
Failures in robots occur frequently in industrial operations [l]. The likelihood of failures is far greater when robots are operated in harsh environments [2]. Since the control of the individual joints is essentially independent in a typical robotic system, most failures affect only a single joint. A common type of joint failure is the "locked joint", where the affected joint's velocity is identically zero. Such a failure may have catastrophic consequences, or, at the very least, significantly degrade the system performance.
Since immediate human attention for repair or recovery is often not practical in hostile environments, it is desirable that the robot itself be able to cope with failures. A common approach to enhancing failure tolerance capability in a robot is the incorporation of redundancy in the design. This may be in the form of duplicated components [3], or, through the intelligent utilization of kinematic redundancy [4, 5, 6 , 71. Though there has been considerable work in the area of failure tolerant systems, there remain significant questions about the post-fault behavior of robotic systems that do not incorporate fail-safe mechanisms. Existing failure tolerance schemes rely on effective failure detection; only after a failure is detected, is an appropriate failure recovery strategy initiated [8, 91. Since failure detection is itself a difficult process that may not always be successful [lo], it is important to address the problems associated with undetected failures.
In this work, the analysis of the post-fault behavior of manipulators with undetected locked-joint failures, presented in [ll], is extended to establish a procedure for workspace analysis. This analysis allows for the identification of workspace regions for which task completion may be possible even with undetected failures. A general class of tasks characterized by sequences of point-to-point moves in task space is considered.
MATHEMATICAL FRAMEWORK
The position and/or orientation (henceforth referred to as "position") of the end effector of a manipulator can be expressed in terms of its joint variables by the kinematic equation
where x E R" is the position of the end effector, q E R" is the vector of joint variables, and m and n the dimensions of the task space and joint space respectively. Manipulators that have more degrees of freedom (DOFs) than required for a task, i.e., n > m, are said to be redundant. The end-effector velocity is expressed in terms of the joint rates as
where J E R m X n is the manipulator Jacobian, x is the end-effector velocity, and q is the joint velocity. If perfect servo control of the joints is assumed, then in a healthy manipulator the actual joint velocities qa equal the commanded velocities q C . However, in the event of a locked-joint failure of the i-th joint, the corresponding element of qa is identically zero. Then, the actual end-effector velocity is given by fa = 'J&, It is assumed that the joint position sensors are still operational.
is the inverse kinematic scheme A common method for generating
where G is a generalized inverse of J satisfying the tered generalized inverse is the pseudoinverse J+ , which Ke is a constant position error gain that is adjusted when necessary to limit the commanded end-effector vethe event of a locked-joint failure, the actual endby (6). In particular, if joint z fails, the actual endeffector velocity is given by X X (b) locity to a maximum allowable value. in general not be as commanded
Although X, may not drive the end effector directly towards the desired task position, it is of interest to know whether the end effector eventually converges (i.e., all its joints come to rest) t o it.
POST-FAILURE REACHABILITY
The workspace of a manipulator, in general, reduces after it experiences a failure [4, 12, 131 . However, under certain constraints, a task position can be guaranteed to be reachable by a redundant manipulator after an arbitrary joint failure along a trajectory. This is achieved by ensuring that the ranges of the joint values along the nominal trajectory never exceed the bounds of the joint values given by the self-motion manifold(s) of the desired task position [12] .
The bounds of the self-motion manifolds can be directly computed by numerically tracing the manifold(s). Another more efficient way is to use the fact that at the extremum of a joint range, the self-motion manifold is tangent to the hyperplane defined by the extremum. Consequently, the contribution of that joint to the null motion of the manipulator is identically zero. It is easily shown that a joint i has a zero contribution to the null motion of the manipulator if and only if the Jaco-
(this is referred to as a semi-singularity in [14] ). If the condition for a joint to be at an extremum is not satisfied for any configuration corresponding to the desired end-effector position, then the range of that joint on the manifold is unconstrained, i.e., it spans the entire The identified extrema partition the [O' 360'1 ranges of the joints into a number of segments. The segments corresponding to the self-motion manifolds can then be identified by testing the midpoint of each of the obtained segments. Though this technique is a general one, its applicability depends upon the ease with which (8) and (9) can be solved.
IV. ANALYSIS OF CONVERGENCE BEHAVIORS
Although the reachability of a task position may be guaranteed after a failure along a trajectory, correct convergence to it may or may not be. It was shown in [ll] that a manipulator may exhibit one of three behaviors after experiencing an undetected locked-joint failure: convergence to a 'L~tationary" configuration, which may correspond to either the desired position (correct convergence), or to a position other than that desired (erroneous convergence), and no convergence.
A . Characterizing Erroneous Convergence
A manipulator gets "stuck" or converges to a configuration other than to one corresponding to the desired position, if and only if the failed joints alone are commanded nonzero velocities. This observation is formalized in the following theorem from [ll].
Theorem 1: Consider a manipulator at a nonsingular configuration, driven by a generalized inverse con-
where
Let S be the set of the indices of the IC locked joints, and let j; and w, denote the i-th columns of J and W respectively. Then:
1. Only the failed joints are commanded motion if and only if the commanded end-effector velocity vector x, lies in the space spanned by the columns corresponding to the failed joints of the Jacobian, i.e.,
i E S i € S
for some ai E R, i E S 2. Moreover, the failed joints are commanded nonzero velocities only if a post-failure weighted Jacobian is rank deficient, i.e.,
where ; ( J W -l ) E lR"X("-k) is obtained from JW-' by zeroing the columns with indices i E S.
i€S (12)

0
The conditions of Theorem 1 can be used to determine configurations of erroneous convergence for a failed manipulator. For the sake of illustration, only single joint failures and identity weighting will be considered henceforth. Suppose the column of the Jacobian corresponding to a failed revolute joint i is expressed in standard Denavit-Hartenberg notation as
where coordinate frame (i-1) is attached to link (i-1), the motion of joint i is along the 9,-1 axis, and pa represents the position vector of the end effector expressed in the coordinate frame (i -1). Then, if x, and xw represent the translational and rotational components of xc, the first condition is equivalent to simultaneously satisfying the following conditions:
x, z,-1 = 0, and (14) (15) 
B. Analyzing Stationary Configurations
After the stationary configurations of a manipulator are determined, an important question is whether a manipulator can be drawn into any of these configurations after a failure. The local behavior of the failed manipulator about a stationary point (90) can be determined by analyzing the stability of the linearized system dynamics about the point. For q = g(q), where g(q) = ZIGK,(xd -xa), linearization about qo yields:
Since the components of the vectors Aq, and &Aq corresponding to the failed joint i are identically zero at ajl times after the failure, the matrix Ji, obtained from J by removing the components corresponding to joint i, is examined for stability. Fig. 2 . Joint-space trajectords of a 3-DOF unit link length, planar manipulator, with a failure of Joint 2 at 45'. Si and 5 2 represent the two stationary configurations, while qs0i1 and qsola represent the two post-failure solutions corresponding to the desired position. The solid lines represent trajectories that are drawn to the stationary points; they also partition the joint space into the two basins. All trajectories (shown by dashed lines) that originate in the gray basin converge to qsoll, while those that originate in the unshaded basin converge to qsolz. stationary configuration is classified as a "sink". For an unstable equilibrium point (some eigenvalues have negative real parts), the stable modes can be used to trace the failure configurations for which the manipulator gets drawn to a stationary point. These traces, which are in general manifolds, also partition the workspace into distinct regions, or "basins". Since trajectories originating off the basin boundaries can never reach these boundaries, all trajectories are confined to the basins where they originate (see Fig. 2 ).
An important point to note is that unless the stationary points are sinks, the dimension of these boundary manifolds is at least two less than the dimension of the joint space (or the number of DOFs) of the manipulator. This is because the failure itself constrains one variable, reducing the dimension by one, while the additional reductions in dimension, if any, result due to the unstable modes. This implies that in the absence of sinks, the probability of a failure resulting in a manipulator configuration on a problematic manifold is zero.
C. Tracing and Classifying Stationary Manifolds
For an analysis of correct convergence, all potentially problematic stationary configurations in the manipulator's joint space must be identified. The loci of these stationary configurations (referred to as "stationary manifolds") must be generated for every possible joint failure. The first step in tracing a stationary manifold for a particular joint is to identify one stationary configuration for each distinct singularity of the failed arm. These stationary configurations represent the set of seed configurations that are grown to trace out the entire stationary manifold. Since (14)- (16) all stationary configurations, the loci of stationary configurations can be traced by simply starting at a seed that satisfies these conditions, and moving in a direction orthogonal to the gradients of the right hand side components of these equations. Doing this for each seed allows all the loci to be traced. In summary, a matrix M is formed by collecting the gradients, and joint motion in the null space of M traces the manifolds (see Fig. 3(a) ). Methods such as those established for tracing self-motion manifolds [12] may be used to trace these stationary manifolds. The rank of M may drop along a trace, signifying the increase in the dimension of the null space, and hence a branching in the manifold. This is an issue that must be addressed in the implementation of this technique. Sinks, being the real hindrance to correct convergence, must be identified on the stationary manifolds. Though this may be done by checking the eigenvalues of J, at each point on the discretized manifolds, 5 more efficient way is to evaluate the determinant of J,, and check the eigenvalues only at the zero crossings of the determinant. This is because only at these zero crossings can the eigenvalues change sign. The stationary manifolds can thus be partitioned into "sink" and "nonsink" segments (see Fig. 3(b) ).
V. WORKSPACE ANALYSIS
The post-failure convergence behavior of manipulators, in addition to being a function of other variables, is seen to be dependent on task placement. If failure detection is not available, or otherwise, not reliable, this knowledge can be exploited to better cope with failures. Through the characterization and classification of workspace regions, critical tasks can be placed in locations to which the manipulator can correctly converge even after an arbitrary joint failure.
Analyzing the workspace of a manipulator for failure tolerance involves checking for reachability and correct convergence. Based on the ideas presented in the foregoing sections, a systematic procedure can be developed to analyze a manipulator's workspace. For the given task model of point-to-point motion, a specified control scheme, and a desired task position, it is of interest to evaluate the entire workspace to determine the effect of the initial task position on the convergence behavior of a manipulator when anticipating undetected locked-joint failures. Some concerns when evaluating a candidate initial task position are: For what percentage of the trajectories originating on the self-motion manifolds of the initial position can reachability of the desired position be guaranteed? If reachability cannot be guaranteed for a failure along the entire trajectory, then for what percentage of the trajectory can reachability be guaranteed? How much does the percentage reachability change with the initial configuration? That is, how sensitive is reachability to a choice of the initial configuration? Similarly, questions about correct convergence to the desired position can be posed for trajectory portions guaranteeing reachability. For a given desired task position, the following procedure allows the workspace to be evaluated for identifying the suitability of different initial positions for the task. (An analogous procedure can be performed when an initial position is specified instead.) The first step of the procedure is to discretize the entire workspace. The discretized positions in the workspace represent the set of initial positions to be evaluated. Since, in general, a redundant manipulator can reach each of these positions with an infinite number of configurations, a set of initial configurations must be considered. This set of configurations is obtained from the discretized selfmotion manifold(s) corresponding to the initial configuration. The procedure for the analysis is summarized in the following pseudocode. The data obtained from the implementation of this procedure can be interpreted in a variety of ways; however, the questions posed earlier in this section are best addressed by the following measures: 72100 : The percentage of configurations considered for xi, for which reachability of x d can be guaranteed for the failure of a joint along the entire length of the nominal trajectory. R,, : The percentage length of the nominal trajectory for which reachability to x d can be guaranteed for the failure of a joint, averaged over all considered configurations. R,,,,, : The difference between the maximum and minimum, over all considered configurations, of the percentage of the trajectory for which reachability to X d can be guaranteed for a joint failure. This measure reflects the sensitivity of reachability to a choice of the initial configuration corresponding to xi.
Analogous measures for complete fault tolerance (correct convergence), over trajectory segments guaranteeing reachability, are given by F'IOO, 3avg, and F.e,, respectively. All measures are computed for the possibility of a failure of a specific (known) joint, as well as that of an arbitrary (unknown) joint.
An Illustration
The application of the workspace analysis procedure proposed above is illustrated for the example of a 3-DOF planar manipulator with unit link lengths. The desired position considered in this example of a pointto-point motion task is x d = [1.5 1.5]*. The workspace of the manipulator is sampled on an equally spaced square grid, using 2032 samples. Each of these samples is evaluated as a candidate initial position for the task. The stationary manifolds for this example are generated and partitioned into sink and non-sink segments as discussed in Section IV-c. The bounding box BXd for the single self-motion manifold corresponding to x d is computed using the technique outlined in Section 111. The bounds are: [-24.30" 114.30"] , [-111.80' 111.80"] , and [-111.80" 111.80"] , for Joints 1, 2, and 3 respectively.
In Fig. 4 the workspace is shaded as a function of four of the six proposed measures: 72100, Rav, , E!, , , , , and .&o, considering arbitrary failures. These plots demonstrate how the failure tolerance properties of the manipulator change over the workspace. Since the measures change in a continuous manner over the workspace, these plots can be used to identify regions that guarantee a certain level of failure tolerance. It is noted that in general all regions with nonzero reachability measures '72100 and Rav, exhibit high values of the corresponding comprehensive fault tolerance measures 3 ; o o and Favg (not shown). In other words, most trajectory segments that guarantee the reachability of the task position also guarantee correct convergence. Though this is true for xd in this example, it may not be guaranteed for an arbitrary choice of task position. It was also seen that the comprehensive sensitivity measure Fsens (not shown) is very low over the workspace, implying that if reachability is guaranteed, correct convergence has little dependence on the initial configuration of the manipulator.
VI. CONCLUSION
In this work a general procedure for evaluating the failure tolerance properties of manipulators performing point-to-point motion tasks was presented. This procedure allows regions of the workspace to be classified based on their influence on the failure tolerance properties of a manipulator with respect to a task. Since no closed form expressions to guarantee correct convergence exist, brute force evaluations to check for the effect of certain failures become necessary over some portions of the workspace. However, the procedure based on the developed analysis tools allows for an intelligent evaluation of the workspace, thereby minimizing the number of brute force checks. Using workspace information for task placement is an effective approach to coping with failures, with or without failure detection. ., -0 -
